We report a random survey of 1 to 2% of the somatic genome of the free-living ciliate Paramecium tetraurelia by single-run sequencing of the ends of plasmid inserts. As in all ciliates, the germ line genome of Paramecium (100 to 200 Mb) is reproducibly rearranged at each sexual cycle to produce a somatic genome of expressed or potentially expressed genes, stripped of repeated sequences, transposons, and AT-rich unique sequence elements limited to the germ line. We found the somatic genome to be compact (>68% coding, estimated from the sequence of several complete library inserts) and to feature uniformly small introns (18 to 35 nucleotides). This facilitated gene discovery: 722 open reading frames (ORFs) were identified by similarity with known proteins, and 119 novel ORFs were tentatively identified by internal comparison of the data set. We determined the phylogenetic position of Paramecium with respect to eukaryotes whose genomes have been sequenced by the distance matrix neighbor-joining method by using random combined protein data from the project. The unrooted tree obtained is very robust and in excellent agreement with accepted topology, providing strong support for the quality and consistency of the data set. Our study demonstrates that a random survey of the somatic genome of Paramecium is a good strategy for gene discovery in this organism.
We report a random survey of 1 to 2% of the somatic genome of the free-living ciliate Paramecium tetraurelia by single-run sequencing of the ends of plasmid inserts. As in all ciliates, the germ line genome of Paramecium (100 to 200 Mb) is reproducibly rearranged at each sexual cycle to produce a somatic genome of expressed or potentially expressed genes, stripped of repeated sequences, transposons, and AT-rich unique sequence elements limited to the germ line. We found the somatic genome to be compact (>68% coding, estimated from the sequence of several complete library inserts) and to feature uniformly small introns (18 to 35 nucleotides). This facilitated gene discovery: 722 open reading frames (ORFs) were identified by similarity with known proteins, and 119 novel ORFs were tentatively identified by internal comparison of the data set. We determined the phylogenetic position of Paramecium with respect to eukaryotes whose genomes have been sequenced by the distance matrix neighbor-joining method by using random combined protein data from the project. The unrooted tree obtained is very robust and in excellent agreement with accepted topology, providing strong support for the quality and consistency of the data set. Our study demonstrates that a random survey of the somatic genome of Paramecium is a good strategy for gene discovery in this organism.
Alongside an ever-growing number of prokaryotic genomes, several fungal, invertebrate, plant, and vertebrate genomes have now been largely or completely sequenced and released to the public, providing a wealth of information for functional and comparative studies. Given the variety of unicellular eukaryotes and the great evolutionary distances even within protist phyla, it is striking that few protists have been subjected to systematic genomic investigation. Notable exceptions are the cellular slime mold Dictyostelium discoidium and a few parasites of great medical importance such as Plasmodium spp. Ciliates are one of the major eukaryotic groups for which no large-scale genome project has been undertaken.
Ciliate models (Paramecium, Tetrahymena) have allowed major discoveries in biology such as variant nuclear genetic codes (13, 49) , ribozymes (38) , telomerase (33) , and histone acetyltransferase as a transcription factor (10) and present fascinating epigenetic phenomena acting at DNA (14, 21, 42) , RNA (51) , and protein (6) levels. Unique among unicellular eukaryotes, ciliates separate germinal and somatic lines, in the form of nuclei (50) . Somatic development involves programmed rearrangements of the entire germ line genome at each sexual generation, so that ciliates provide excellent experimental models for studying somatic DNA rearrangements similar to those that generate antibody diversity and malignant states in vertebrates.
The germ line micronucleus is diploid, is transcriptionally silent during vegetative growth, and intervenes during sexual processes. The somatic macronucleus is highly polyploid and responsible for transcriptional activity but is not transmitted across sexual generations. A new macronucleus is formed from the zygotic nucleus at each sexual generation. Although examples of pseudogenes are now documented in Paramecium primaurelia, they are highly underrepresented in the somatic genome (19) . Thus, macronuclear genes can be considered to all be potentially expressed.
We carried out a pilot project of random sequencing of somatic DNA of the ciliate P. tetraurelia, the species of Paramecium that has been the most extensively studied by genetics (54) . The genome of this organism is estimated to be 100 to 200 Mb in size, and most of the germ line sequences are present in the rearranged somatic genome which is amplified, fragmented, and stripped of noncoding sequences during development (60) . The 10 to 15% of germ line DNA that is eliminated during somatic development may represent the heterochromatic fraction of the genome (44) and contains both intact and degenerate transposable elements (45) .
Our survey of more than 3,000 single-run sequences (average length, ϳ500 nucleotides [nt] ) from the ends of inserts of a genomic library (36) , corresponding to 1 to 2% of the genome, and of the sequences of several complete library inserts indicates that the Paramecium somatic genome is as compact as the yeast genome with Ͼ68% coding sequences and uniformly small introns (18 to 35 nt). We were able to identify 722 protein coding genes by similarity searches against databanks. In addition, internal comparison of the data set allowed identification of 108 families of protein coding genes, including 119 novel genes not identified by similarity search against databanks. Our study demonstrates that random sequencing of somatic DNA is an efficient strategy for gene discovery in Paramecium, especially since the sequences can be rapidly ex-ploited for functional analysis by gene silencing (51) or RNA interference (29) even before the complete gene sequence is established. Since our data support a compact genome, with uniformly small introns, we believe that Paramecium would be an excellent choice for systematic sequencing in the near future.
MATERIALS AND METHODS
Sequencing. The indexed library of macronuclear DNA from the 100% homozygous d4-2 strain, constructed to facilitate cloning genes by functional complementation, has been described (36) . The library of Ͼ60,000 clones isolated in 384-well microtiter plates consists of 4-to 12-kb inserts in the pBluescript II KS(Ϫ) vector. The library was experimentally estimated to cover ϳ3 times the genome. No evidence of contaminating mitochondrial, micronuclear, or bacterial DNA was obtained either in the initial characterization of the library (36) or in the genome survey analysis described here.
Single run sequencing of the ends of 1,800 clones from the indexed library was carried out at the Institute of Biochemistry and Biophysics of the Polish Academy of Sciences, Warsaw, Poland, or at the Core Molecular Biology Facility, York University, Toronto, Ontario, Canada. Plasmid DNA was prepared by standard alkaline lysis procedures on early-stationary-phase cultures, and DNA sequencing was performed by dye termination cycle sequencing and analyzed by using ABI fluorescence automated sequencers.
Data analysis. Data analysis was mainly performed at the INFOBIOGEN (French Bioinformatics Resource Centre) computing facility on a SunOS 5.6 Unix platform (see http://www.infobiogen.fr). All stages of the data analysis involved customized Perl scripts which we wrote to control data flow, extract information, or present the results (e.g., in HTML) in conjunction with programs given in Fig. 1 and Table 1 .
The Phred/Phrap package of programs (24, 25) was used to call bases from the chromatograms, screen vector, and construct contigs. The quality files generated by Phred were saved and used to automatically cut the sequences as required for subsequent analyses (see Results). For this project, we define "high quality" as the region of a sequence for which the probability of error in a nucleotide is less than 1 in 30 (Phred quality Ͼ15 over a 20-nt window; Q 20 Ͼ 15).
The resulting set of unique sequences was used to search for similarity with known DNA and protein sequences, protein domains, and protein signatures in the public databases listed in Table 1 , with appropriate implementations of the BLAST algorithm (2, 3) . For BLASTX and TBLASTX analyses, the ciliate genetic code, the seg filter, and the blosum62 matrix were used.
Expert validation. Although we tried to develop automatic data analysis that would also be suitable for a much larger project, some expert validation was necessary. Open reading frames (ORFs) were identified only on the basis of similarity with known sequences. BLASTX matches against the protein databases, initially retained with a very high expectation value (E Ͻ 10 Ϫ2 ), were subjected to expert validation to decide the following. (i) Is the match significant? For example, heptad repeats indicative of coiled-coil domains, despite relatively low E-values, were not retained unless the match contained other indications of homology with the target sequence. In contrast, short but near-perfect matches with high E-values were retained. (ii) Does the sequence contain introns? The latter can change the reading frame of the match, which appears as multiple segments. When in phase, the introns appear as 6 to 11 unmatched amino acids, producing a gap in the alignment, sometimes containing a stop codon.
The set of 108 unique Paramecium introns (20 to 34 nt in length) from the FIG. 1. Flow chart of the project. The square boxes represent data sets of nucleotide or protein sequences, and the programs used to generate the data sets are indicated over the arrows. Shaded boxes indicate annotated data submitted to the public nucleotide database or available at http://paramecium.cgm.cnrs-gif.fr. Ovals indicate aspects of the analysis detailed in the present article. Phrap, Phred, tRNA-SCAN, and BLAST programs are publicly available (see Materials and Methods). We wrote Perl scripts to cut the sequences according to Phrap quality values (Q 20 Ͼ 15) and to annotate the data (tables of functional categories; database submission).
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SPERLING ET AL. EUKARYOT. CELL invertebrate division of the EMBL/GenBank/DDBJ database, many of them identified on the basis of experimental evidence, were used to determine an intron profile by using a hidden Markov model (HMM). A list of potential introns, with scores, was then generated for the genome survey sequence (GSS) set. The majority of introns identified by expert validation were also identified by HMM and had high scores. However, the inverse was not true: the majority of high scoring potential introns identified by HMM profile analysis were not introns according to the expert validation. The HMM approach is thus promising, but more information is clearly required for automatic identification of Paramecium introns, a crucial step in the development of a Gene Finder. Phylogenetic analysis. CLUSTALW (v. 1.81) was used to align orthologous amino acid sequences, and the alignments were automatically trimmed to eliminate regions with insertions or deletions and concatenated using custom Perl scripts. Neighbor-joining trees were built by using pairwise distances between the amino acid sequences by using the programs PROTDIST with a Dayhoff scoring matrix and NEIGHBOR of the Phylip 3.53 package. Confidence levels were evaluated by using 100 bootstrap replicates. Unrooted trees were drawn with software available by ftp from pbil.univ-lyon1.fr (48) . The data sets used and the alignments are available at http://paramecium.cgm.cnrs-gif.fr/phylogeny.
Nucleotide sequence accession numbers. The final set of 2,990 nt sequences was deposited in the GSS division of the EMBL database (release date 2 November 2000; updates 8 January 2001 and 13 July 2001). The accession numbers are AL446043 to AL449029 and AL512551 to AL512553. The entries include annotation of potential protein coding sequences, domains, and signatures. The sequence numbers for the 7.4-and 11.1-kb complete library inserts used to estimate gene density are EMBL/GenBank/DDBJ accession numbers AJ437480 and AF487913, resepectively.
RESULTS
A brief history of the Paramecium genome survey pilot project, along with a preliminary description of the data now available, was published previously (17) . We present here the data analysis and biological implications of the project.
General strategy. Data collection involved distribution of 1,800 library clones to the two sequencing labs which, after DNA preparation and sequencing, yielded 3,568 chromatograms containing 4,183,198 bases of vector-screened raw data. Three nucleotide data sets, as well as a set of ORF fragments identified by similarity search, and the final annotated data set that was submitted to the public nucleotide database were generated as indicated in the flow chart in Fig. 1 . The Phrap program was used to assemble the raw vector-screened data, yielding the nonredundant nucleotide data set that was used to search the protein databases by using the BLASTX program. For similarity searches with the BLASTN and TBLASTX programs and all other nucleotide analyses, the sequences in the nonredundant data set were cut at Q 20 Ͼ 15 (Phrap quality value of 15 over a window of 20 nt; see Material and Methods) to yield the high-quality nonredundant data set. Table 1 recapitulates the database searches that were carried out in the course of the project and the data set used for each of the queries.
Since our primary objective was gene discovery, we used all of the sequence information available for similarity searches to identify protein coding genes, including low-quality sequence (i.e., Q 20 Ͻ 15) at the ends of the runs. In this way we took advantage of the fact that genes can usually be identified well before every base in a sequence is known (8) , at the risk of assembling chimeric contigs. Although this would not have been a good strategy for a larger project with longer sequence reads, it was highly successful for analysis of our data set of relatively short reads corresponding to only 1 to 2% of the genome. Scatter plots of length versus quality for each of the sequences in the final annotated data set show that, had we cut the sequences before database searching, we would have identified many fewer genes ( Fig. 2A) . Sequences with no significant BLASTX match were cut at Q 20 Ͼ 15 ( Fig. 2B ) for database submission.
Characterization of the data set. To evaluate the quality of the library used for random sequencing, we cut the vectorscreened raw data (Q 20 Ͼ 15) and then used Phrap to generate contigs. The average length of the reads input to Phrap was 505 nt; the output consisted of 2,924 singletons and 219 contigs. The library, indexed by handpicking colonies for the purpose of complementation cloning, contains duplicate clones within microtiter plates and occasionally in two consecutive microtiter plates (36) . Examination of the 219 contigs proposed by Phrap revealed 162 duplicate reads and 45 bona fide two-member contigs. An additional 12 reads were exact duplicates but could represent two-member contigs since they were from nonconsecutive microtiter plates. No contigs contained more than two nonduplicate members. Contig analysis of these data, assuming a 100-Mb macronuclear genome, predicts 43 contigs, in good agreement with the value found of 45 to 57 contigs, suggesting that the library is nearly random. [That is,
, where I j is the expected number of j-member contigs or "islands," N is the number of sequences, is the length of overlap required for detection of a match divided by the average sequence length ( Ϸ 50/500), and c is the relative genome coverage.] However, the actual size of the Paramecium somatic genome is not known precisely; if it is 150 Mb, then only 30 contigs are expected and the library used for sequencing may be less than perfectly random, although sufficiently so for the present analysis of a small fraction (1 to 2%) of the genome (39) .
To assess the accuracy of the data set, we examined the alignments and chromatograms of the nine sequences identical to previously sequenced Paramecium tetraurelia genes revealed by BLASTN analysis of the high-quality data set, summarized in Table 2 . Four sequences are 100% identical, and four sequences are Ն98.7% identical to the corresponding database sequence. The chromatogram of the one sequence that is 98% identical contains a small dye peak; we note that Phred base calls were not corrected manually. The other discrepancies are unambiguous on the chromatograms, and some could represent genetic polymorphisms since different strains were sequenced.
Analysis of protein coding sequences: BLASTX analysis. The principal objective of our project was gene discovery. The limited amount of Paramecium sequence data available at the outset of our project was not sufficient for development of a computational approach to finding genes, which in any event would not have been very useful given the relatively short length of the single-read genome survey sequences. Fortunately, Paramecium introns are uniformly small, facilitating identification of ORFs by sequence similarity with known proteins.
(i) ORF identification. The nonredundant nucleotide data set of 3,139 sequences was compared to the Swissprot and the Sptrembl databases by using the BLASTX program with a very high threshold E-value of 10 Ϫ2 . Matches were found for 1,230 sequences. The data were then subjected to expert validation. The expert validation phase was necessary in order to retain short, near-perfect matches with high E-values, to eliminate matches with lower E-values owing to secondary structure (i.e., coiled-coil domains or cysteine repeats) in the absence of other indications of homology to the target sequence, and to identify introns. The latter either introduce frameshifts and output with multiple segments or, when in frame, introduce gaps in the alignment. Introns were validated if they had canonical GT. . .AG junctions and restored an uninterrupted alignment of the query and target sequences. In case of any ambiguity, an improved BLASTX score was also required. This procedure for identifying introns was first tested on high-quality sequences (Q 20 Ͼ 15) in regions of unambiguous homology (Ͼ 40% amino acid identity) and permitted identification of 212 introns. The procedure was then extended to the entire data set and allowed identification of an additional 250 introns. Once the introns were identified, spliced sequences were gen- a The database identification (ID) of the nine GSS sequences with BLASTN matches to previously characterized Paramecium genes are given with statistics concerning the matches. Examination of the chromatograms revealed a small dye peak in PT021E13U that accounts for the discrepancy with sequence PTY17649. No other obvious errors in base calling were found and, for at least some of the four other matches presenting with Ͻ100% identity, the differences may be due to genetic polymorphism since we have sequenced strain d4-2 derived from stock 51 and stock 29, whereas some Paramecium labs work with stock 51 (54) .
b That is, the number of matching nucleotides/total number of nucleotides.
344 SPERLING ET AL. EUKARYOT. CELL erated automatically and used for another round of BLASTX similarity search against the same nonredundant protein database. The resulting output was used both for further validation of the ORFs and introns and for the final annotation of the genome survey sequences (GSS division of the EMBL/GenBank/DDBJ public nucleotide database; accession numbers AL446043 to AL449029 and AL512551 to AL512553), which includes an mRNA feature for each ORF identified, with information about the best BLASTX match. Of the 1,230 initial matches, 722 ORF fragments were validated, and 348 of these partial ORFs contained one or more introns. A table of the 722 ORFs with links to the BLASTX output and the final annotated database entries is available at http://paramecium.cgm.cnrs-gif.fr/funcat_seq.
In order to evaluate a posteriori the expert validation, we examined the percent amino acid identity of the best match for each ORF as a function of the length of the match (Fig. 3) . The validated BLASTX alignments range from Ͻ40 amino acids (aa) to Ͼ300 aa (average, 149 Ϯ 63 aa). The fact that the average length is close to the average high-quality nucleotide length of the data set argues for the quality of the sequences (few insertion or deletion errors). The fact that the length and the identity are not correlated except for the very shortest matches (Ͻ40 aa) argues for the consistency of the expert validation.
(ii) Protein domains. Conserved protein domains in the set of ORF fragments were identified by using the BLASTP program (threshold E-value of 10 Ϫ4 ) to search the Pfam protein domain database (55) . The output of the search was validated automatically by verifying the extent of overlap between the Pfam domain and the query sequence, with a minimum overlap of 15 aa required. After validation, 498 ORF fragments contained one PfamA domain and 26 contained two domains. The 524 PfamA domains were linked to the InterPro database (4), which facilitated comparison of the frequency of the domains in the Paramecium genome survey ORFs with the frequency of the same domains in complete eukaryotic genomes (table available at http://paramecium.cgm.cnrs-gif.fr/interpro.html). The surprising result of this analysis is that an amazingly high proportion of the Paramecium ORFs and protein domains identified by similarity search are protein kinases (119 eukaryotic protein kinase domains, 22.7% of total identified domains). Protein kinases are usually the most abundant proteins and domains in eukaryotic genomes; however, the percentage of InterPro domains that are eukaryotic protein kinase domains is at most 4.3% (Arabidopsis thaliana), 3% (Saccharomyces cerevisiae), or 2.8% (Caenorhabditis elegans) in the available proteomes (ftp.ebi.ac.uk/pub/databases/SPproteomes).
There are two possible explanations for this seeming overrepresentation of kinase domains in the GSS data set, which are not mutually exclusive. One explanation is some bias in the data or in our method for identifying ORFs. The bias could arise from the BLASTX analysis, either because kinases are very conserved or because many protozoan, ciliate, or Paramecium kinases are available in the protein databases. The other possibility is that Paramecium really does have an enormous number of kinases. We observed a high frequency of G-protein WD-40 repeats, ras family domains, dual-specificity protein phosphatase domains, cyclic nucleotide-binding domains, cyclic nucleotide-gated K ϩ ion channel trans-membrane domains, and phosphatidylinositol-4-phosphate 5-kinase domains, further suggesting that Paramecium does devote a large part of its coding capacity to signal transduction.
Other well-represented domains are serine carboxypeptidase domains and glycosyl hydrolases family 31 domains. These domains probably belong to lysosomal enzymes involved in digesting bacteria and other microorganisms, the main food source of Paramecium.
(iii) Introns. Previous studies of Paramecium genes revealed unusually small introns (23, 52) . Many of the Paramecium introns in the invertebrate division of GenBank ("INV") were validated experimentally by comparison of gene and cDNA sequences, and all are 20 to 34 nt in length. These introns contain canonical 5Ј and 3Ј exon-intron junctions (5Ј-GT. . .AG-3Ј) and are assumed to be recognized by a Paramecium spliceosome. Other organisms, including hypotrich ciliates (35, 40, 59) , have some small introns, but they also have larger introns. The only exceptions are the nucleomorph genomes of chromophyte and chlorarachnean algae, organisms which originally gained photosynthetic functions by engulfing eukaryotic red and green algae in a process known as secondary endosymbiosis (18) . The nucleomorph is the remnant of the nuclear genome of the algal endosymbiont. Nucleomorph introns are uniformally small: 42 to 52 nt in the chromophyte Guillardia theta (18) and 18 to 20 nt in the chlorarachnion CCMP621 (31) .
The 462 Paramecium introns identified in the course of our BLASTX analysis were compared to 108 introns extracted from a nonredundant set of Paramecium sequences from the invertebrate division of GenBank. As shown in Fig. 4 , the introns identified in our GSS data set are similar to the previously characterized Paramecium introns in both sequence and length. The histogram shows similar size distributions for the two sets of introns (18 to 35 nt and 20 to 34 nt for GSS and Table 1 ), after removal of introns from the coding regions. For the whole set of partial ORFs, the average amino acid identity with the best match is 42.9% Ϯ 12.9%, and the average match length is 149 Ϯ 63 aa.
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on October 11, 2017 by guest http://ec.asm.org/ INV, respectively). We note that if another class of much larger introns (Ͼ100 nt) exists in the Paramecium genome, it would not have been detected by the present study.
Comparison of the sequences from Ϫ10 to ϩ5 of the 5Ј junction and from Ϫ5 to ϩ10 of the 3Ј junction for the whole set of GSS introns is also shown in Fig. 4 . The consensus sequence Purine͉GTA. . .AG͉Purine is found, although only the GT. . .AG at the intron boundaries are absolutely required. The preference for a purine (G or A) just before and just after the intron was observed by Russell et al. (52) , who characterized a set of 50 introns from phosphatase, kinase, and small GTP-binding protein genes; this feature is typical of introns recognized by the spliceosome in other species. The surrounding exon sequences are roughly 65% AT; however, the intron sequences (with the exception of the G at each junction), are even more AT rich (83% AT for the GSS set, excluding the conserved GT and AG at the boundaries) and contain very few G residues.
(iv) Codon usage. The GSS coding sequences corresponding to each ORF fragment identified by the BLASTX analysis were cut at Q 20 Ͼ 15 for calculation of codon usage. For comparison with the codon usage of previously characterized Paramecium genes, a set of 114 nonredundant sequences were extracted from the invertebrate (INV) division of GenBank. The codon usage is not very different between the two data sets. Usage appears slightly less biased for GSS (71,818 codons) than for INV (33,183 codons); in particular, codons with G in the third position are slightly more frequent in the GSS data set, perhaps because the random genome survey sequences include more poorly expressed genes than the INV data set. Furthermore, there are many surface antigen genes in the INV set, and it is known that surface antigen codon usage is very biased. Tables of codon usage and amino acid composition for both data sets are available at http://paramecium.cgm .cnrs-gif.fr/codon_usage.html.
Comparison of the ORF set with proteomes. We compared the 722 ORF fragments identified by the BLASTX analysis with the available, annotated proteomes of Escherichia coli, Saccharomyces cerevisiae, Caenorhabditis elegans, Drosophila melanogaster, Arabidopsis thaliana, and the partial proteome of Homo sapiens by using the BLASTP program (see Table 1 ). Using a threshold E-value of 10 Ϫ4 , we found that 447 of the Paramecium ORF fragments have homologues in each of the eukaryotic genomes and that, on average, the scores against human proteins are the highest and against yeast proteins are the lowest, suggesting that the Paramecium proteins are most similar to human proteins and least similar to yeast proteins (Fig. 5A ). However, this does not necessarily reflect the phylogenetic relationships among these species. In order to determine the phylogenetic position of Paramecium, it is necessary to establish a distance matrix between homologous proteins in the genomes under comparison. Phylogenetic analysis with random, combined protein data. We used the results of the comparison to proteomes to guide us in extracting a set of combined partial protein sequence data (9) to construct a phylogenetic tree by the neighbor distance method (53) by using the PHYLIP package (26) . In order to obtain a set of homologous sequences with maximal probability of being orthologous, we compared the 447 Paramecium ORF fragments with each other and excluded all sequences belonging to multigene families. We also removed mitochondrial proteins to try to avoid genes acquired by horizontal transfer that do not reflect the evolutionary history of the species. We were left with 41 partial ORFs, which were compared to human, plant, fly, worm, budding yeast, and fission yeast proteomes (extracted from the Swissprot and Sptrembl protein databases [September 2001]) by using the BLASTP program and to the complete genome of Neurospora crassa (http://www -genome.wi.mit.edu/annotation/fungi/neurospora/) and finished sequences and updated contigs of Plasmodium falciparum (http://plasmodb.org) by using the TBLASTN program. For each sequence, the best match to each species was retained (threshold E-value of 10 Ϫ20 ), and the eight "orthologues" were aligned with the corresponding Paramecium ORF fragment by using the CLUSTALW program. If there was no match satisfying the threshold criterion for one or more of the target species, the protein was not included in the data set used for tree construction. After visual inspection, trimming of the alignments, and concatenation, 4,037 informative amino acids from 38 proteins were used to construct a tree by neighborjoining (see Materials and Methods). This unrooted tree, shown in Fig. 5B , is supported by highly significant bootstrap values and shares the topology found with small subunit rRNA or combined protein data (5, 58) . The metazoans and fungi are The topology of the tree is very robust. However, the lengths of the branches of Paramecium and of Plasmodium are longer than the lengths of all other branches of the tree. Two nonexclusive explanations of the branch lengths seem possible. First, the proteomes of both Plasmodium and Paramecium may have evolved very rapidly. Second, these long branches may be a methodological artifact owing to the asymmetric role of the Paramecium partial ORF fragments, which were used to interrogate the database. This may have led to the use of paralogues rather than true orthologues. In order to try to discriminate between these hypotheses, the same method was applied to a subset of the GSS ORFs involved in translation, for which orthology is not a problem. A less-resolved but congruent tree was obtained, and the same trend was observed: both Paramecium and Plasmodium have long branches. This suggests that these alveolate proteomes have indeed evolved rapidly.
Our results, in particular the robust topology of the unrooted tree, favor the usefulness of unbiased, randomly generated sets of combined protein data for phylogenetic analyses as proposed by Brown et al. (9) and discussed by Olsen (46) . Most important in the context of the present study, the approach provides strong support for the consistency of the Paramecium GSS data.
Functional categories. The comparison of the Paramecium partial ORFs with the complete proteomes was also useful in establishing a tentative classification into functional categories. We used the MIPS yeast functional catalogue scheme as a reference (http://mips.gsf.de/proj/yeast/catalogues/funcat/), and for all ORFs with an unambiguous yeast homologue supported by the matches with the other proteomes the annotation was generated automatically. For ORFs with no clear yeast homologue, we consulted the available databases concerning the best matches to other proteomes or the best BLASTX matches for the sequence. It was relatively straightforward to assign categories to metabolic enzymes, transporters, ion channels, or cytoskeletal and motor proteins such as actin, tubulins, or kinesins. However, for most of the numerous kinases, we considered the function unknown unless there was substantial evidence that the Paramecium ORF fragment was the homologue of a particular, well-characterized kinase, for example, MEKK. There were also many clear homologues of genes of unknown function. Nonetheless, our tentative catalogue is probably the most immediately useful result of the project for Paramecium biology, and several genes identified by the genome survey have been or are currently under investigation, for example, delta-tubulin (30) and the membrane fusion protein NSF (28) . The functional catalogue is available at http: //paramecium.cgm.cnrs-gif.fr/funcat_des.
We attempted to represent the topology of the classification for the Paramecium ORFs compared to the entire yeast functional catalogue (Fig. 6) . Since many genes belong to more than one functional category, we considered that a classic pie chart could not accurately represent the data. Instead, we have drawn intersecting solids representing the major categories and the major intersections between categories. The volumes of the solids are calculated to be directly related to the number of ORFs in the category; however, the arrangement of the solids is just one possible way to interpret the major relationships.
Identification of protein-coding genes with no database match. It is possible to detect protein-coding genes, even in the absence of a database match. If genes belong to a multigene family and at least two paralogues are present in the data set, 
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on October 11, 2017 by guest http://ec.asm.org/ they can be detected by using the TBLASTX program to compare the sequences to each other at the protein level in the 36 possible combinations of reading frames. We used the highquality nonredundant nucleotide data set (cf. Fig. 1 ) in conjunction with the TBLASTX program to search for multigene families. Numerous significant alignments were obtained (Evalue threshold of 10 Ϫ12 ), indicating the occurrence of Ͼ100 families of protein coding genes within the data set. Each group of related sequences gave alignments in several different reading frames, with different BLAST scores. In all cases, one alignment had a higher score than the others. If the pressure for sequence conservation is at the protein level, then the true coding frame should be the one that gives the highest score. This was indeed the case for all of the families for which the coding frame was known from the BLASTX analysis. We therefore assumed that all of the novel genes identified also encode the protein sequences that give the best alignments. Figure 7 shows a family of two genes with no database homologues; moreover, in this case an intron interrupts the protein alignments.
Altogether, 108 families, containing 252 ORF fragments, were identified: 95 families with two members, 7 families with three members, and 6 families with more than three members. A total of 46 families are composed of genes with homologues in the databases, 55 are families of novel genes, and 7 families have one known and one unknown member (the BLASTX match had not been validated for one of the sequences). In summary, we found 133 genes that had already been identified by similarity search and 119 novel genes. Among the 722 ORF fragments validated by the BLASTX analysis, 589 have no paralogues in the data set ("unique" genes). If we extrapolate from the proportion of genes with no database homologue in the families identified by internal comparison, we can predict that 527 more unique genes should be present in the genome survey data set, giving the estimation of 1,368 genes in all.
Gene density. (i) Complete inserts. In order to independently evaluate the coding proportion of the somatic genome, we analyzed the sequences of two library inserts of 7.4 and 11.1 kb, respectively. As shown in Fig. 8A , the first insert, which was sequenced because it complements the nd2 mutant defective for secretory granule exocytosis, contains four identified genes. The first two ORFs, an aminopeptidase and a pseudouridine synthase, were validated by a BLASTX similarity search of the protein databases. The third ORF complements the nd2 mutation, and the fourth ORF represents a novel gene. The third and fourth ORFs were validated experimentally by homologydependent gene silencing, a phenomenon related to RNAi which can be used to obtain the equivalent of a somatic knockout for a given gene (51) . Secretory granule release is compromised by silencing the third ORF as expected, and the fourth ORF encodes an essential gene (M. Froissard, unpublished data). Thus, 87% of this insert corresponds to gene coding sequences (ORFs plus introns) and only 13% corresponds to intergenic sequences. The second insert was chosen randomly among large library inserts and sequenced for the purpose of estimating gene density. This insert harbors three protein-coding genes according to similarity searches and a possible fourth ORF with no database homologue, which we did not validate. Thus, 53.3% of this insert corresponds to validated gene coding sequences. We analyzed an additional 37 kb of unfinished The drawing was made by using the POV-ray program, available at http://www.povray.org. Categories for which research is active in Paramecium (cellular organization, signaling, ion channels, cell growth and division) are probably overrepresented because the availability of Paramecium sequences in the database facilitated identification of the ORFs, while energy and protein synthesis are also well represented, probably because of high conservation of many mitochondrial and ribosomal proteins. Protein fate, which overlaps significantly with almost every other category, is not represented.
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SPERLING ET AL. EUKARYOT. CELL sequences distributed among seven other library inserts (C. Klotz, F. Koll, A Krzywicka-Racka, and F. Ruiz, unpublished data; M. Froissard, unpublished data). ORFs were identified by similarity search and by inspection of the sequences. Potential ORFs with no database homologue were not validated. We found that for the ensemble of the nine contigs, corresponding to 55.5 kb that 68% of the DNA consists of validated coding sequences. This represents a minimal estimate of gene density in this sampling of library inserts, since there appear to be several novel ORFs that will require experimental validation. Although caution is required in extrapolating to the entire somatic genome, this estimation of gene density is consistent with the large number of ORF fragments found in the GSS data set.
(ii) Intergenic regions. We examined the intergenic regions of the seven genome survey sequences which contain two ORF fragments according to the BLASTX analysis (Fig. 8B) . In five of the examples, we found fewer than 40 nt separating divergent or convergent genes, suggesting the existence of bidirectional and/or overlapping promoters and terminators and indicating that regulatory elements can be extremely small in Paramecium. In one case, the genes sequenced in the course of the genome survey project were already under study (PT014 M07R, containing the 3Ј regions of the TMP-4a secretory protein gene and of the PRP8 splicing-factor gene). Experimental analysis of the transcripts by 3Ј race experiments does support very short, overlapping 3Ј terminator regions (D. J. Kobric and R. E. Pearlman, unpublished data). For the moment, we do not know whether these diminutive intergenic regions are the general case in Paramecium, or if we have selected unusually closely spaced genes by examining short DNA segments containing two validated ORFs. The average distance between genes in yeast is ca. 200 nt for convergent genes and ca. 400 nt for divergent genes (32) . Among eukaryotes, only nucleomorph genomes (18) contain genes as closely spaced as the examples in Fig. 8B .
DISCUSSION
We have surveyed 1 to 2% of the somatic genome of the ciliate P. tetraurelia by random end sequencing of a plasmid library. The 2,990 sequences deposited in the GSS division of FIG. 7. Novel genes identified by TBLASTX internal comparison. An example of TBLASTX data (A) and of nucleotide and translated amino acid alignment (B) of a two-member family of novel genes is shown. The TBLASTX table shows that the best E-value was obtained for two segments in reading frames Ϫ1,Ϫ1 (score, 119) and Ϫ2,Ϫ2 (score, 23.5). Nucleotide alignment reveals the presence of an intron between the two coding segments. Neither of these putative genes has any homologue in the protein databases.
VOL. 1, 2002
PARAMECIUM GENOME SURVEY 349 the public nucleotide database include 1 tRNA gene identified by tRNA-SCAN, 3 partial rRNA genes identical to previously established rRNA sequences, and 722 partial protein coding genes identified by similarity searches, only 6 of which were previously known. An additional 119 novel protein-coding genes were tentatively identified by internal comparison of the data set. High gene density, suggested by this rich harvest of ORF fragments, was further supported by examination of complete library inserts, giving a minimal estimate that 68% of somatic DNA is coding. Gene discovery. Random sequencing of genomic DNA has been used to generate sequence tags for genetic mapping as a means of rapid genome characterization prior to systematic sequencing (1, 11, 15, 16) and, in the case of hemiascomycete yeasts, as the basis for an in-depth study of genome evolution among closely related species by using the complete Saccharomyces cerevisiae genome as a reference (reference 56 and references therein). However, gene discovery has been generally achieved in eukaryotes by sequencing appropriately normalized cDNA libraries. This is because the genomes of most of the model organisms that have been studied, like the human genome, contain far more noncoding than coding DNA; moreover, the two types of sequences are interspersed since most genes contain introns, and the introns are at least as large as the coding regions they interrupt. The computational problem of identifying genes remains largely unresolved for such genomes, and EST data are crucial for their annotation and exploitation.
Unicells such as yeast have more compact genomes and few introns; annotation of the yeast genome did not require cDNA sequencing. We note, however, that cDNA sequencing is under way for the Tetrahymena genome (27) . Although it is not yet possible to estimate gene density in this ciliate, Tetrahymena protein-coding genes contain much larger introns than Paramecium genes (range, 51 to 979 nt; average, 213 nt; for the set of 59 Tetrahymena thermophila introns available in GenBank [February 2002] ). The rationale behind our pilot project was that, although many Paramecium genes do contain introns, their uniformly small size, confirmed by the project, would make genomic sequencing nearly as efficient for gene discovery as cDNA sequencing, without the problems of library normalization and/or redundant sequencing of highly expressed genes. The drawback of the approach is that only genes conserved among other species are readily identified by similarity searches. As demonstrated by the Génolevure's hemiascomycete project (41), ca. 40% of most organism's genes are species or phylum-specific "maverick" genes. This figure is consistent with our own data: 47% of the protein-coding gene fragments in the families identified by TBLASTX internal comparison had no database homolog.
Since all of the previously characterized Paramecium protein-coding genes fall into ca. 30 different families (e.g., surface antigens, cyclins, K ϩ ion channels, heat shock proteins, guanylyl cyclases, centrins, tubulins) or unique genes (e.g., calmodulin, ND7), the project has significantly multiplied the known Paramecium genes. This is particularly striking for genes involved in metabolism and energy production. Even for functions that have been well studied in Paramecium, many useful genes have been identified. For example, the project contains a number of genes involved in membrane trafficking (clathrin heavy chain, adaptor complex subunits, SEC61 ER translocator, coatamer alpha subunit, NSF, and possibly synaptobrevins), providing a direct argument that conserved eukaryotic trafficking mechanisms are used by Paramecium. The project has allowed identification of a number of helicases potentially involved in DNA recombination and repair; such genes could play key roles in the programmed DNA rearrangements involved in the development of the somatic nucleus. The project also contains genes that could open new avenues of investigation; for example, numerous histidine kinase homologues suggest the existence of two-component phosphorelay signal transduction pathways in Paramecium (57) . In the case of gene families already under study (e.g., surface antigens, tubulins, trichocyst matrix proteins, small GTP-binding proteins, and K ϩ ion channels), the project has revealed new members, indicating that these gene families are larger than previously imagined.
FIG. 8. Gene density. (A)
ORF distribution of two complete library inserts. Colors: red, ORFs validated by significant BLASTX matches; green, ORFs validated by homology-dependent gene silencing; gray, unvalidated potential ORF. 1-1, aminopeptidase (best score, 140); 1-2, pseudouridine synthase (best score, 112); 1-3, ND2 gene required for regulated exocytosis; 1-4, novel essential gene; 2-1, translation initiation factor EIF-2B subunit (best score, 102); 2-2, DNA repair protein RAD5 homolog (best score, 124) with a SNF2 family helicase domain; 2-3, slime mold interaptin homolog (score, 73); 2-4 potential ORF. (B) Intergenic regions separating ORFs for the seven GSS sequences which contain two putative ORFs, as revealed by BLASTX similarity searches. The sequence identification is given to the left of the map, and the first and last nucleotides of the intergenic region are shown to the right of the map. ORFs are pictured as thick arrows, and the intergenic regions are pictured as thin lines. The ORFs are as follows: PT014M07R, TMP4a secretory granule protein and PRP8 splicing factor; PT014C01R, homolog of unknown Drosophila gene and RAC protein kinase; PT003A21R, unknown kinase and MEK kinase; PT006A07U, hypothetical protein and PRP19 splicing factor; PT022C03U, ribosomal protein L33 and YPT1-like GTP-binding protein; PT012I03U, ribosomal protein L36 and CTP phosphocholine cytidylyltransferase; and PT009 M19R, small GTP-binding protein and ring zinc-finger protein.
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SPERLING ET AL. EUKARYOT. CELL Toward a genome project. The long-term goal of our random survey is to promote a Paramecium genome project. Ciliates are an important eukaryotic group, and even ciliate species considered closely related are separated by vast evolutionary distances (100 MY separate the two oligohymenophoron models Paramecium and Tetrahymena) and profound biological differences. Of particular significance in elaborating a genome project, the precise relationship between germ line and somatic DNA is not the same in different ciliates (50) .
During somatic development, Tetrahymena chromosomes are fragmented at a precise 15-bp sequence known as cbs ("chromosome breakage sequence") (61) so that somatic DNA is a unique set of molecules that has been compared to a restriction digest (47) . Paramecium does not have a unique somatic genome. During somatic development, chromosomes are fragmented not at precise sites but in regions leading to chromosome polymorphism even within a single cell (12) . Internal eliminated sequences, unique germ line sequence elements that are removed by a precise DNA splicing mechanism (7), can have alternative junctions (20, 34) . Finally, homologydependent epigenetic controls allow the old somatic nucleus, which is discarded at each sexual generation, to influence the pattern of somatic genome rearrangements during development (21, 22, 42, 43) , so that somatic lines successful under given environmental conditions can be maintained across sexual generations in the absence of any modification of the germ line genome.
Sequencing the macronuclear genome, as shown here, provides a direct approach to finding genes. However, the ultimate goal of a genome project is to establish the sequence of the germ line, micronuclear genome. Although technically more challenging because the 10 to 15% of the genome eliminated during macronuclear development is rich in repeated sequences and transposable elements (45) which are probably heterochromatic, it is the micronuclear genome that can tell us the most about the development and the evolution of the organism. Knowledge of the germ line is essential to full understanding of the developmental DNA rearrangements. Most intriguing, the germ line is marked by the evolutionary history of the organism, and may reveal how transposable elements invaded ciliates, were tamed and then exploited (37, 45) to give this unicell unique developmental and adaptive potentials. We believe that in Paramecium, sequencing somatic DNA will provide information about the expressed part of the genome essential for annotation and exploitation, thus fulfilling much the same role as cDNA sequencing in genome projects of higher eukaryotes.
